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Soil compaction not only reduces available pore volume in which fluids are stored, but it alters the arrangement of soil constituents and pore geometry, thereby adversely impacting fluid transport and a range of soil ecological functions. Quantitative understanding of stress transmission and deformation processes in arable soils remains limited. Yet such knowledge is essential for better predictions of effects of soil management practices such as agricultural field traffic on soil functioning. Concepts and theory used in agricultural soil mechanics (soil compaction and soil tillage) are often adopted from conventional soil mechanics (e.g. foundation engineering). However, in contrast with standard geotechnical applications, undesired stresses applied by agricultural tyres/tracks are highly dynamic and last for very short times. Moreover, arable soils are typically unsaturated and contain important secondary structures (e.g. aggregates), factors important for affecting their soil mechanical behaviour. Mechanical processes in porous media are not only of concern in soil mechanics, but also in other fields including geophysics and granular material science. Despite similarity of basic mechanical processes, theoretical frameworks often differ and reflect disciplinary focus. We review concepts from different but complementary fields concerned with porous media mechanics and highlight opportunities for synergistic advances in understanding deformation and compaction of arable soils. We highlight the important role of technological advances in non-destructive measurement methods at pore (X-ray tomography) and soil profile (seismic) scales that not only offer new insights into soil architecture and enable visualization of soil deformation, but are becoming instrumental in the development and validation of new soil compaction models. The integration of concepts underlying dynamic processes that modify soil pore spaces and bulk properties will improve the understanding of how soil management affect vital soil mechanical, hydraulic and ecological functions supporting plant growth.
ß 2012 Elsevier B.V. All rights reserved. 
Introduction
Soil compaction (i.e. reduction of soil porosity) is one of the main threats to sustaining soil quality in Europe (COM, 2006) . A range of important ecological functions is affected when soil is compacted (e.g. van Ouwerkerk and Soane, 1995; Alaoui et al., 2011) : compaction reduces saturated hydraulic conductivity and thus triggers surface runoff and soil erosion by water; it may induce preferential flow in macropores, and hence facilitates transport of colloid-adsorbed nutrients and pesticides to deeper horizons and water bodies; compaction reduces soil aeration, and hence reduces root growth and induces loss of nitrogen and production of greenhouse gases through denitrification by anaerobic processes. Consequently, soil compaction is one of the causes of a number of environmental and agronomic problems (flooding, erosion, leaching of chemicals to water bodies, crop yield losses) resulting in significant economic damage to the society and agriculture.
Our understanding of deformation processes in arable soil is still limited. One reason might be that in soil compaction research, the major focus has been on the agronomic (and, more recently, environmental) impacts of compaction, rather than on the soil deformation process itself. That is, the externally applied mechanical stress (e.g. by agricultural machinery) is related to (physical) soil functions or crop response. While such studies are undoubtedly valuable, they do not directly add to the knowledge of the soil compaction process itself. In order to understand the impacts of soil compaction on soil functions (reaction), knowledge of the soil deformation process (cause) is needed.
Soil deformation is the response of a soil to an applied stress, which could be either mechanical or hydraulic. Stress and deformation are coupled processes: soil deformation is a function of soil stress and soil strength, and the propagation of stress in soil is a function of soil strength and soil deformation.
A better mechanistic understanding of stress transmission in structured soil and the deformation behaviour of unsaturated soil will improve models for prediction of soil compaction. Such models are needed to develop strategies and guidelines for the prevention of soil compaction. Furthermore, improved understanding of the soil deformation processes will promote better predictions of the impact of soil management practices on physical soil functions and their effect on processes listed above.
Concepts and theory used in agricultural soil mechanics (soil compaction and soil tillage) are generally adopted from conventional soil mechanics (e.g. foundation engineering). Examples are analytical solutions for stress propagation in soil based on the works of Boussinesq (1885) and Frö hlich (1934) , soil compressive strength characterized by the precompression stress that is based on Casagrande (1936) , or models for predicting draught force of tillage implements that are based on early studies of Coulomb (1776) and Rankine (1858) .
Nevertheless, agricultural soil mechanics differs from geotechnical applications in a range of aspects, most notably: (i) stresses applied by running tyres, tracks, and tillage implements are dynamic and the loading time is very short ($1 s); (ii) agricultural soil is typically unsaturated, which makes interactions between hydraulics and mechanics very important, but also complex (Horn et al., 1998; Richards and Peth, 2009) ; and (iii) arable soil is structured with compound particles of different sizes and shapes and a network of voids with various morphologies and orientation (e.g. biopores, shear fractures, desiccation cracks). Consequently, models for calculating stress transmission and deformation in arable soil that are based on foundation engineering concepts suffer from insufficient knowledge of soil structure (fabric) and soil moisture effects on stress transmission, and poor characterization of soil mechanical properties relevant for short-term dynamic loading occurring on agricultural soils (Keller and Lamandé , 2010) .
Stress transmission and deformation processes in porous media are not only a topic in soil mechanics and geomechanics, but also in other research fields including geophysics, granular material science, and snow/avalanche research. Although dealing with similar processes, the theoretical frameworks used are often research-field specific. We believe that a combination of different approaches could advance our understanding of deformation processes in arable soils. An International Exploratory Workshop held during the autumn of 2010 at the Agroscope Research Station ART in Zü rich (Switzerland) brought together scientists dealing with porous media mechanics from different perspectives ranging from classical soil physics including soil mechanics to geomechanics, geophysics, and physics of granular mixtures. The aim of the workshop was to introduce and jointly discuss theoretical frameworks and modelling approaches applied in different fields to porous media mechanics, and to explore possible new approaches to quantitative description of soil compaction.
The primary objectives of this paper were to: (i) review theory, modelling approaches and non-destructive measurement techniques applied in different research fields that deal with deformation of porous media, and (ii) delineate new approaches and pathways for improving the theoretical and experimental basis for modern soil compaction research.
Deformation of porous media: theory, approaches and applications of different research fields
Several disciplines (such as soil mechanics, geotechnics, geophysics, granular material science, etc.) deal with deformation processes in porous media. However, the theoretical approaches that describe the physical nature of deformation and the frameworks to solve applications differ between disciplines. This can be attributed to differences in material properties, loading characteristics and boundary conditions of the relevant specific processes. Nevertheless, some of the distinctions may simply be due to historical reasons.
2.1. Soil physics and soil mechanics 2.1.1. Soil physics and soil mechanics -similar subject, different approaches
In one of the earliest textbooks on soil physics, Baver (1940) defines soil physical properties as: ''the mechanical behaviour of the soil mass''. Around the same time, Terzaghi (1943) defines soil mechanics as: ''the application of the laws of mechanics and hydraulics to engineering problems dealing with sediments and other unconsolidated accumulations of solid particles produced by the mechanical and chemical disintegration of rocks''. Although the two definitions address closely related topics, soil physics and mechanics evolved parallel with little interactions for a good part of the 20th century. What happened?
Soil physics was developed within the disciplines of agronomy and forestry, driven by the need for land reclamation, irrigation, and drainage as well as related topics such as groundwater recharge, salinization and flood control. Soil physics primarily focused on quantifying hydraulic properties and processes of partially saturated soils. In contrast, starting from the early work of Coulomb (1776) , Rankine (1857) and Boussinesq (1885) , soil mechanics was addressing foundation and slope stability problems related to fortification, road and dam construction. As an engineering discipline, soil mechanics developed strongly in the early 20th century with Fillunger (1913) , Terzaghi (1923 Terzaghi ( , 1925 and Frö hlich (1934) . With the development of more advanced mechanical models for soil such as Critical State Soil Mechanics (CSSM) (Roscoe et al., 1958; Schofield and Wroth, 1968) and extending from saturated to unsaturated soils (e.g. Bishop, 1959; Bailey and VandenBerg, 1968; Alonso et al., 1990) , frameworks became available that explicitly consider changes in void ratio (or porosity) as a function of applied stress as well as the impact of moisture conditions on the mechanical behaviour of soil.
However, it is clear that fluid transport through soil (primary focus of soil physics) and stability and deformation processes (main focus of soil mechanics) cannot be separated from each other, because any deformation results in a change in fluid transport properties, while any hydraulic process influences the deformation behaviour of soil. The emerging need to solve environmental issues related to deformable soils (e.g. contaminant transport through engineered clay liners, geologic sequestration of greenhouse gases, impact of vehicle traffic on soil hydraulic properties) finally brought soil physics and soil mechanics closer together (Vulliet et al., 2002) . The protection of agricultural and forest soils from compaction is one of these needs.
Mechanics of agricultural and forest soils
Since its beginning in the 19th century, the mechanics of agricultural and forest soils was linked to problems related to trafficability and soil-vehicle interactions. Soil compaction did not receive much attention before increased mechanization of post World War II agriculture sparked concerns about decreasing soil fertility due to vehicle-induced compaction. Although the focus of attention moved away from the problem of pure trafficability towards preserving soil fertility, military needs remained the main driver to study soil-vehicle interaction until the late 1960s (Bekker, 1956 (Bekker, , 1969 .
To describe and predict soil compaction due to vehicle traffic, the work by Sö hne (1951, 1953, 1958) was certainly pioneering and addressed the main issues of modern day compaction research such as stress distribution at the tyre-soil interface, stress transfer into the soil as well as impact of these stresses on the degree of soil compaction. Both Bekker (1956) and Sö hne (1951, 1953) employed mechanical concepts developed by Rankine (1857) , Boussinesq (1885) , Terzaghi (1925 Terzaghi ( , 1943 and Frö hlich (1934) to derive their stress-strain models for soils under vehicular traffic. The strength of these models lay in their simplicity, which makes them hugely popular to this day for applications in agriculture and forestry.
With the introduction of concepts like CSSM and unsaturated soil mechanics, more advanced frameworks became available to describe soil deformation. Although some of these models were adopted to describe the mechanics of agricultural soils as early as in the 1960s (e.g. Bailey and VandenBerg, 1968 ) and have been further developed ever since (e.g. Hettiaratchi, 1987; Grä sle et al., 1995; Kirby, 1994; O'Sullivan and Robertson, 1996) , no comprehensive mechanical theory for agricultural and forest soils is currently available.
One reason is that agricultural and forest soils feature various forms of secondary structure that affect the mechanical as well as hydraulic properties of the soil (e.g. Hartge and Sommer, 1980; Horn, 1993) but are hard to quantify. Only recently, advances in imaging using X-ray (micro-) tomography have allowed nondestructive visualization of the soil structure, a key step towards quantifying the impact of structure on soil hydraulic and mechanical properties. Driven by the increasing possibilities of soil structure visualization, structure-based micro-scale soil mechanics models were developed, which allow the consideration of the interaction of mechanics and hydraulics of the soil at the pore scale (e.g. Or and Ghezzehei, 2002; Eggers et al., 2006) .
Soil rheology
The extent of soil compaction and subsequent structural recovery are greatly influenced by loading and deformation rates that in turn are determined by soil rheological properties. In contrast with motion and mechanics of rigid bodies, rheology deals with relative motions of the parts of a body relatively to each another (Reiner, 1960) . Under the action of a force, a body may deform elastically (deformation is fully recoverable when the force is removed), plastically (permanent deformation even when the force is removed), or the material may flow at a certain rate (continuous deformation without limit under the action of a force). Reiner (1960) defines ''rheology in the narrower sense'' as the science that deals with the deformation and flow of materials that are classified between the extremes of solid (Euclid-solid: rigid body; and Hooke-solid: elastic body) and liquid (Newtonian liquid: ideal viscous liquid; and Pascalian liquid: inviscid liquid).
We may distinguish macro-rheology from micro-rheology (Reiner, 1960) : macro-rheology considers materials as homogeneous, whereas micro-rheology considers material structure. Macro-rheology is partly treated within ''classical'' (continuum) soil mechanics, dealing primarily with strain and stress (e.g. stress-strain curves obtained from uniaxial compression tests, triaxial tests or shear tests). Nevertheless, mechanical behaviour of soil is also dependent upon strain and stress rates, which have received little attention in classical soil mechanics (perhaps due to preoccupation with foundations and static structures). Microrheology has two main tasks (Reiner, 1960) : it aims at either (i) obtaining a picture of the structure of the material giving rise to measured flow curves, or (ii) at explaining the rheological behaviour of a complex material from the known rheological behaviour of its constituents.
In practice, soil rheology deals with dynamic soil deformation processes that consider soil structure, rates of load application and resulting deformation. According to , traditional stressstrain approaches fail to capture salient features of soil structure dynamics because these approaches (i) are based on equilibrium state while deformation in agricultural soils are dynamic processes that rarely reach equilibrium, and (ii) often describe bulk volume changes only but cannot describe the evolution of the soil structure at the pore scale that is crucial for flow and transport processes central to hydrological and agronomic applications.
Recent developments in soil rheology address the two main tasks of micro-rheology as described by Reiner (1960) . The work of Markgraf, Horn and co-workers (see aims at characterizing the structure of soil from observed rheological test curves. Or and co-workers (see Or and Ghezzehei, 2002) developed models for soil structure dynamics at the pore scale based on rheological properties. Or (2000, 2001) developed models for soil aggregate deformation and coalescence due to wetting-drying cycles as well as due to external static and cyclic stresses. These models were further extended to include closure of isolated pores (Ghezzehei and Or, 2003; , which can then be used, for example, to investigate the evolution of hydraulic conductivity upon compression (Eggers et al., 2006; Berli et al., 2008) . The approaches are based on (i) geometrical representations of aggregates, pore space and liquid menisci, (ii) energy considerations, and (iii) rheological properties of unsaturated soil.
It was shown that soil under steady state stress behaves as a viscoplastic material that can be described as a Bingham body (Vyalov, 1986; Or, 2000, 2001) as illustrated in Fig. 1a , which in general terms can be given as (Reiner, 1960; Or and Ghezzehei, 2002) :
where t is the shear stress, t y is the yield stress, ġ is the strain rate, and h pl is the plastic viscosity. It is seen from Fig. 1 that the rheological properties t y and h pl (the inverse slope of the straight line of the Bingham model) are functions of soil water content:
both t y and h pl decrease with increasing water content.
Energy generally appears under three forms in rheological phenomena (Reiner, 1960) : kinematic energy, elastic (potential) energy, and dissipated (thermal) energy. Elastic energy is stored (conserved) during deformation and fully recovered upon stress release, while energy is dissipated during viscous flow is permanent (if elastic energy is not permanently conserved but dissipates with time, this is referred to as dissipation by relaxation.) Hence, total strain can be divided into an elastic and a viscous component. The ratio of elastic to viscous strain is dependent on the stress rate and the loading time, as shown by Ghezzehei and Or (2001) : the shorter the loading rate, the larger the elastic strain and the smaller the viscous (permanent) component of the total strain. Consequently, storage of elastic energy (and therefore elastic strain) is of importance especially during deformation under cyclic or transient stresses as occur e.g. during the passage of agricultural machinery. The behaviour of the soil can then be described as ''visco-elastic'' (Ghezzehei and Or, 2001) . It is convenient to express the visco-elastic properties in a complex plane system. The shear stress, t, and strain, g, can be related by (Ghezzehei and Or, 2001) :
where G* is the complex shear modulus; similarly, t and strain rate, g, can be related by
where h* is the complex viscosity. The real components of G*and h* indicate the storage (elastic) shear modulus, G 0 , and elastic viscosity, h 0 , respectively, while the imaginary components of G*and h* indicate the loss (viscous) shear modulus, G 00 , and loss viscosity, h 00 , respectively (Ghezzehei and Or, 2001) . The relative proportion of the elastic and viscous component can be obtained from the phase shift angle (also termed the mechanical loss angle), d, that describes the delay in strain (peak) due to an applied stress (peak) as a result of the time dependence of viscous strain (d = 0 for ideal elastic material; d = p/2 for ideal viscous material) (Ghezzehei and . measured the stress-strain rate relationship in a rotational rheometer in order to derive G 0 , G 00 and the ''loss factor'' tan d (=G 00 /G 0 ), as well as the linear visco-elastic (LVE) deformation range and the deformation limiting value, g L . Three phases of material behaviour can be identified Markgraf, 2011) , as illustrated in Fig. 2 . In phase I (initial or plateau phase) G 0 > G 00 , a quasi-elastic behaviour can be observed. The quasielastic stage is defined by the LVE range and the deriving deformation limit g L . At this stage of low strain, a full recovery of the microstructure can be assumed. In phase II.1, a stage of preyielding occurs due to higher strain; soil particles are re-oriented, microstructural stability is given, but decreasing. At the end of phase II.2, an intersection of G 0 and G 00 indicates the yield-point. In comparison, the intersection of tan d with the tan d = 1-line also indicates a complete loss of stability of the soil microstructure (Markgraf and Horn, 2009 ). By calculating the integral z ( Fig. 2b) , the structural strength, which includes quasi-elasticity and pre-yielding behaviour, can be quantified. Hence, phase III defines the final stage of structural collapse, G 0 < G 00 ; a viscous character predominates, and substances are creeping or flowing.
Geomechanics
Applications of classical continuum mechanics range from the use of elasticity theory (e.g. Davis and Selvadurai, 1996) to micromechanical approaches based on particulate mechanics (e.g. Misra and Huang, 2009 ; see also Section 2.4). The subject of geomechanics has made important advances in terms of describing the mechanics of porous geomaterials by taking into consideration their multi-phase nature, especially pertaining to the coupled behaviour involving fluid flow through the pore space, mechanical deformations (both reversible and irreversible) and thermal deformations of the separate phases (e.g. Desai and Siriwardane, 1984; Selvadurai and Nguyen, 1995; Pietruszczak, 2010) .
The objective of Section 2.2 is to examine two problems, which demonstrate the ability of advanced theories of continuum poromechanics (continuum mechanics that studies the behaviour of fluid-saturated porous media) to provide explanations of soil compaction phenomena. The compaction of an array of soil aggregates (cf. Fig. 3 ) is a more complex problem that cannot be obtained conveniently with continuum mechanics as discussed in Sections 2.1.3 and 5.1.
Mechanical behaviour of an isotropic elasto-plastic saturated material
The mechanical behaviour of a fluid-saturated porous medium undergoing infinitesimal elastic strains was first developed by Biot (1941) , taking into consideration Darcy's law to describe the flow of the fluid through the pore space and Hookean elastic behaviour of the porous skeleton to describe deformations. The basic constitutive equations governing the mechanical and fluid transport behaviour of an isotropic poroelastic medium consisting of non-deformable solid matter, which is saturated with an incompressible fluid, can be written in the forms
where s is the total stress tensor, u is the displacement vector of the skeletal phase, v f refers to the velocities of the fluid, p is the fluid pressure in the pore space, K s is the saturated permeability matrix, G and l are Lamé elastic constants of the porous skeleton, m is the dynamic viscosity of water, 5 is the gradient operator, and I is the unit matrix. In Eq. (4) the velocity of the porous matrix is neglected.
In extending the studies to include poroelasto-plasticity effects, we need to select an appropriate constitutive response for saturated clay-type materials. A variety of constitutive relations have been proposed in the literature. For the purpose of illustration, an elasto-plastic skeletal response of the Modified Cam Clay type (e.g. Desai and Siriwardane, 1984; Davis and Selvadurai, 2002) is presented here. Attention is restricted to an isotropic elasto-plastic material defined by the yield function
where q is the von Mises stress, a is the radius of the yield surface,s is the mean effective stress, M is the slope of the critical state line and these are defined by
The hardening rule is defined bỹ
and the incremental plastic strains are defined by an associated flow rule of the type
where the hardening rule takes the form
and H is a positive constant. In addition to the elasto-plastic constitutive response for the porous skeleton, it is assumed that the fluid flow through the porous skeleton remains unchanged during yield and subsequent hardening of the porous skeleton. However, it is recognized that deformation changes the permeability of geomaterials (e.g. Berli et al., 2008) . Furthermore, the compaction process can induce stratifications at the macro-level of the fabric that can give rise to transversely isotropic properties in all mechanical and transport phenomena.
Poroelasto-plastic behaviour of a one-dimensional column
For the purpose of illustration, we consider the problem of a one-dimensional column, which is saturated with an incompressible fluid and the porous skeleton can possess an elasto-plastic constitutive response described by Eqs. (6-10). The surface of the one-dimensional column is subjected to a quasi-static normal traction or in a cyclic loading-unloading mode in a timedependent fashion as shown in Fig. 4a . The upper surface of the column is maintained at zero pore fluid pressure. The constitutive models are implemented in a general purpose computational multiphysics code and the initial boundary value problems are analysed via a finite element technique. Fig. 4b shows the response of the poroelasto-plastic soil skeleton model. Unlike in poroelasticity (not shown), the cyclic Fig. 1 . (a) Example of a strain rate versus stress curve (silt loam at two different water contents) (from Or and Ghezzehei, 2002) . (b) Coefficient of plastic viscosity and yield stress as functions of soil matric potential for the same soil. From Ghezzehei and Or (2000) .
loading results in surface displacement patterns that exhibit a permanent deformation. Furthermore, the number of cycles of loading can influence the permanent deformation (Horn et al., 2003) . The monotonic application of a peak load results in the greatest permanent strain. The pore pressure history is influenced by the load cycling (Fig. 4c ). The negative pore fluid pressure generation is generally suppressed by the elasto-plasticity effects in the soil skeleton. It is evident that in an initially unstressed fluidsaturated porous medium, there can be negative pore fluid pressure induced for a period after the unloading process. Considering Terzaghi's principle of effective stresses, the negative pore fluid pressure can have a strengthening effect of the soil skeleton, leading to short-term apparent strengths that are higher than the innate strength of the medium when all pore fluid pressures have dissipated.
Geophysics
Geophysical exploration methods are tools for investigating the interior of the earth from the earth's surface. They are nondestructive and rely on recording and analysing physical fields extending or propagating in and around the earth. Examples are the gravity and magnetic fields and electromagnetic and seismic waves (''earthquake waves''). For prospecting both natural and artificially generated fields are used depending on the questions to be solved. In soil science the application of geophysical methods is Results of an AST can be plotted as tan(d) versus deformation g based on the same database. Loss factor tan d (G 00 /G 0 ) versus deformation g; if tan d = 1 is crossed, a viscous character is given. By calculating integral z, stiffness (rigidity; elasticity) can be quantified.
From Markgraf (2011) . attractive because they are capable of continuously mapping larger areas in terms of physical subsurface parameters (e.g. Allred et al., 2008) .
In order to decide whether or not a scientific problem for a soil can be approached by geophysical prospecting, the following needs to be investigated: (i) if the problem under consideration can be translated into temporal or spatial changes of the physical properties of the soil, and (ii) if these changes exceed the detection swell of the geophysical instruments. Examples are the clay content that maps into natural radioactivity (e.g. Fricke and Schö n, 1999; van der Kloster et al., 2011) , or the moisture content that influences the electrical conductivity and permittivity (e.g. Al Hagrey et al., 2004; Kirsch, 2010) .
Soil compaction is connected with the following changes in the soil structure that are relevant for geophysical mapping: (i) a reduction of the porosity (or, conversely, an increase in density) leading to a decrease of the volume contents of soil air and pore water and an increase of the volume fraction of clay, (ii) a mechanical stiffening of the soil matrix, and (iii) a spatial rearrangement of soil grains and deformation of the soil fabric. These changes imply modifications of some soil physical properties, which can potentially be measured in the field with corresponding geophysical methods.
Electrical conductivity
The compaction-induced changes in the volume portions of the soil constituents have a strong influence on the electrical conductivity. Soils containing clay show a significant increase in electrical conductivity (and conversely, decrease in electrical resistivity) basically because the raising volume content of the highly conductive clay usually over-compensates the reduction of the also conductive pore fluid (e.g. Schö n, 1996; Lü ck et al., 2009) . Fabric changes that lead to a more intense connection between clay particles may also contribute to this effect. Besson et al. (2004) measured a difference in electrical resistivity of 10 Vm between a compacted (30 Vm, bulk density = 1.59 Mg m À3 ) and a porous structure (40 Vm, bulk density = 1.41 Mg m À3 ) of a loamy soil. A decrease of electrical conductivity with compaction can be expected in pure sand only if the compaction leads to a reduction in the volumetric pore water content (which is not necessarily the case in the vadoze zone). The electrical conductivity can be measured in the field by DC-geoelectrical sounding, DC-geoelectrical tomography and electromagnetic induction measurements (EMI) (e.g. Corwin, 2008) .
Electrical permittivity
The electrical permittivity or dielectric constant is influenced by compaction in a similar way as the electrical conductivity. It is basically sensitive to the general content of water in the soil because it expresses the capability of the soil to become electrically polarized. The permittivity can be determined via the propagation velocity and reflection amplitudes of electromagnetic waves in the radar frequency band by the use of ground radar equipment. However, ground penetrating radar (GPR) can hardly be applied in clay rich soil because its high electrical conductivity leads to a strong absorption of the radar waves in the ground (e.g. Kirsch, 2010) . 
Seismic methods
Seismic methods have seldom been applied to soil science research (Petersen et al., 2005) although these geophysical techniques offer an intuitive and direct approach to the characterization of the mechanical state and properties of soils. For the available soil science applications, seismic methods relied primarily on the analysis of seismic wave propagation velocities. The velocity of seismic waves depends on the soil elastic moduli, the bulk density, and on the degree of saturation of soil layers. The velocity of compressional waves (P-waves), v P , is in the range of a few km s À1 in rock (''earthquake waves''), and around 750 and 2000 m s À1 in consolidated dry and saturated sand, respectively. In unsaturated soil, v P is typically lower than the speed of sound waves in air (335 m s À1 ) (e.g. Baker et al., 1999) .
One the primary effects of compaction is the stiffening of the soil and the alteration of the elastic moduli. The bulk density is also affected, but relative to changes in the soil elastic moduli, this effect tends to be minor. Soil compaction (i.e. an increase in bulk density) thus results in an increase in seismic wave propagation velocity. Uyanik (2010) reported values for v P of 176 and 269 m s À1 for a clayey sand with a bulk density of 1.41 and 1.62 Mg m À3 , respectively. In the field, depth profiles of seismic wave velocity can be measured with a variety of different methods used for the exploration of deep targets, such as aquifers or hydrocarbon reservoirs.
Geophysical mapping offer excellent means for gathering information on soil changes in space and time where the emphasis is on ''change''. The absolute values of geophysical soil properties usually do not translate directly into compositional and structural soil properties. The geophysical measurements need calibration and validation by classical soil analysis in order to account for the local field conditions, meaning that pedo-transfer functions have to be setup. Therefore, a combined application of methods from geophysics and soil science appears as a promising approach to investigate soil compaction.
Physics of granular media
Soil is composed of mineral and organic primary and compound particles of different shapes and sizes. The granular nature of the soil leads to a very large surface area. The inter-particle surface areas are the location of physical interactions of contact, friction, lubrication, capillary action or cementing cohesion. The macroscopic behaviour of soils emerges from the collective inter-particle interactions.
The classical approach (Section 2.2) is based on phenomenological relationships between macroscopic parameters, while a granular approach starts from the particle properties and interactions at the grain scale with the aim of deducing the homogenized behaviour of the material. A major advantage of the latter approach is the ability to account for the internal structure at various scales and to predict the rheological behaviour from the local physics under complex loading ( Fig. 5 ). A number of new insights into the stress and strain inhomogeneities of soils have been obtained using the granular approach. For example, the complexity of stress transmission through force chains has been extensively studied and shown to be organized in two well-defined force networks: the weak network (forces below average) that does not contribute to shear stress, and the strong network that supports all the shear stress ( Fig. 6) (Radjai et al., 1996 (Radjai et al., , 1998 . Such a structure shows both the weaknesses of a soil in response to external excitations and the real mechanisms of its stability. Another example, which is not accessible from continuum modelling, is the micromechanical origin of shear strength. It was recently shown that the internal angle of friction does not depend on the particle size distribution because the largest Radjai and Roux (2004) . Fig. 6 . Example of heterogeneous force transmission in a granular sample submitted to a confining pressure. The magnitude of the contact forces is proportional to the width of the inter-centre connecting segments. From Radjai et al. (1996). particles in the bulk material capture most of the strong force chains. The Coulomb cohesion is, however, found to be dependent on the particle size distribution (Voivret et al., 2009) . Experimental studies of model granular materials have been helpful in highlighting many phenomena inherent to their discrete structure. Besides the classical testing tools of soil mechanics, new experimental approaches have been developed for the measurement of individual particle displacements, contact forces, etc. For example, 2D photoelastic grains have been used to visualize the heterogeneity of local stresses in a granular material under compressive loading (Da Silva and Rajchenbach, 2000; Majmudar and Behringer, 2005) . The methods based on imaging and Particle Image Velocimetry (PIV) have been used to study the elastic properties of granular assemblies at the grain scale (El Hadji Bouya et al., 2011) . Experimental devices for studying stacks of polydisperse cylinders were performed in order to analyse the shear behaviour in line with the movements and the localization phenomena such as shear bands (Calvetti et al., 1997) . For the study of saturated media, iso-index fluorescent liquid and grains have been used to track the motion of particles inside the volume with a laser sheet (Tsai et al., 2003) . Today, new imaging techniques such as computed tomography (cf. Section 4.1) open interesting perspectives for the granular approach and its applications to soils (Desrues et al., 2006) .
In parallel to experimental methods, discrete element methods (DEM) have been developed over the last 30 years for the computation of large packings of particles with increasingly more complex interactions (cf. Section 3.3). The availability of powerful computers has made it possible to investigate the mechanical behaviour of discrete models of soils. The mechanical behaviour of granular materials is influenced by various local properties such as particle size distribution (Voivret et al., 2007) , frictional sliding and rolling (Estrada et al., 2008) , particle shapes (Azé ma et al., 2009), and cohesion (Delenne et al., 2004) , and these aspects have become major fields of research.
Statistical homogenization concepts are also used in association with DEM to analyse the disordered local structures and to upscale the local behaviour to the macroscopic scale (Roux and Radjai, 2001 ). Simple relationships have been shown between the microscale parameters of cohesion, the strength properties at the macroscale (internal friction angle, dilatancy angle, and Coulomb cohesion) and the parameters describing the shape and polydispersity of the particles. The internal angle of friction is found to result from different contributions of geometrical, kinematic (due to dilation) and frictional origins (Taboada et al., 2006) .
Granular physics is now a mature field with the potential for applicability to a variety of complex systems such as landslides and soil-root interactions (Taboada et al., 2005; Staron and Lajeunesse, 2009 ). This broad scope calls for a multidisciplinary approach using an innovative combination of concepts, experimental tools and numerical methods.
Modelling approaches
Models used to simulate the stress transmission and deformation in geomaterials can be divided into two groups: analytical models and numerical models. Analytical models assume elementary material laws (e.g. linear elasticity). Soil compaction models based on analytical approaches solve compaction in two steps: first, stress transfer, and second, deformation as a function of the calculated stress. Numerical models solve the deformation and stress simultaneously by satisfying the equilibrium equation. Numerical models include finite element and distinct (or discrete) element codes. These methods require computing power, and were first developed in the 1940's (finite element method) and 1970's (distinct element method).
Analytical solutions for stress transmission
Stress transmission is a topic that has been of scientific and engineering interest since the time of Archimedes and culminated in the concept that was proposed by Augustin Louis Cauchy (see e.g. Truesdell, 1961; Davis and Selvadurai, 1996) . Cauchy simply assumed that the nature of the reactive forces generated during transmission of externally applied loads to the interior of a solid is no different from the tractions that are applied to the boundary of a stressed solid. Specific values for the tractions T acting on a plane located at the interior of the body are related to the stress state s at a point through the relationship
where n is the outward unit normal to the plane. This ability to define a measure for the state of stress within the body without consideration of the material properties of the geomaterial or its fabric was a major accomplishment in the development of mechanics of materials.
The spatial transmission of stresses within the geologic material requires knowledge of the manner in which the internal structure of the geomaterial responds to the externally applied loading through strains. There is no unique model of stress-strain behaviour that is universally applicable to geomaterials. The earliest application of analytical concepts dates back to the classical works of Rankine and Coulomb that were largely based on the stress distributions in geomaterials as they approached the state of failure (see Davis and Selvadurai, 2002) .
The seminal analytical problem deals with the normal loading of the surface of an isotropic elastic halfspace by a concentrated force P B , maintaining the unloaded region traction free (Fig. 7) . In addition, the tractions far field from the point of application of the concentrated normal load should decay in such a fashion that the resultant of the far field tractions should balance the normal force applied at the boundary. The solution to this classical problem is due to Boussinesq (1885) . The static boundary value problem requires the solution of the governing Eqs. (12-14) (with zero body forces and dynamic terms):
where r denotes the gradient operator, tr denotes the trace, f is a body force vector and r is the mass density. Since the concentrated force acts normal to the surface of the halfspace, there exists a state of symmetry about the z-axis, which allows the problem to be formulated as an axisymmetric problem related to the cylindrical polar coordinate system (r,u,z) , and the displacement and stress fields can be expressed as follows (see e.g. Timoshenko and Goodier, 1970; Davis and Selvadurai, 1996) : 
where R = (x 2 + y 2 + z 2 ) ½ . For relatively simple loadings (e.g. circular load with uniform stress intensity), expressions can be developed to calculate the transmission of stress within the halfspace region due to the surface loading (see e.g. Davis and Selvadurai, 1996) . Empirical knowledge of stress propagation is available from comprehensive studies reporting stress measurements in undisturbed soil profiles, including investigations of the effects of contact area and stress distribution at the tyre-soil interface (see e.g. Keller and Lamandé , 2010) and soil conditions (e.g. Horn et al., 2003; Trautner and Arvidsson, 2003; Lamandé and Schjønning, 2011 ) on stress transfer. The rate of decay of the stress predicted by the classical theory of elasticity is found to be at variance with experimental observations, in particular the vertical stress distributions within the geomaterial regions. The work of Frö hlich (1934) is an empirical development that adjusts the form of the vertical stress s zz (r,z) derived from Boussinesq's solution by introducing a ''concentration factor'', n, which allows the alteration of the decay pattern to suit an experimentally observed pattern. Frö hlich's model is widely used in agricultural soil mechanics (e.g. Keller and Lamandé , 2010) . The mathematical basis for the introduction of this concept is lacking, in the sense that there appears to be no formal linear solution of the equations governing the classical theory of elasticity (i.e. Eqs. (12-14) ), that will yield a solution to Boussinesq's problem for the action of a concentrated force P B normal to the surface of an elastic halfspace in the form s zz ðr; zÞ ¼
A critical mathematical examination of Frö hlich's solution to Boussinesq's problem is provided by Selvadurai (2012) . Analytical soil compaction models have the advantage in that they are simple to use, require few input parameters and are robust.
Influence of geomaterial inhomogeneity on stress transmission
Geomaterials are inherently inhomogeneous at any scale. The general approach for dealing with geomaterial heterogeneity is to consider effective material parameters applicable to units consisting of variable mechanical properties.
The inhomogeneity in the deformability characteristics that is of particular importance to soil tillage mechanics and stress transmission is the layered soil profile that can develop through pedoand/or geogenetic processes or due to periodic compaction and tillage of the soil. This type of soil inhomogeneity is characterized by mechanical properties that are assigned to distinct strata. The layered elastic system approach to estimate stress transmission has been extensively studied in connection with transportation infrastructure analysis (Poulos and Davis, 1975) . Analytical solutions exist for the settlement of layered systems such as the problem of an elastic layer that rests on a rigid base (see Davis and Selvadurai, 1996) ; however, these are of limited interest to soil science.
The finite element method
The finite element method (FEM) is a numerical approach for solving differential equations describing any kind of physical phenomena in a continuous medium for which analytical solutions do not exist, are available only for very simple cases, or are too complex. The original differential equations describing a specific problem are replaced by a finite set of equations which can be solved numerically. This requires subdividing the continuum into a number of elements that are connected to each other via nodes (spatial discretization). The FEM allows the treatment of complex geometries of heterogeneous problems. FEM was employed for the first time in the 1950s in the construction of airplanes and the design of bridges (Bear and Verruijt, 1987; Zienkiewicz and Taylor, 2000) . The concept of FEM was later generalized and, along with increasing computer power, became a standard tool in almost all areas of engineering, physics and environmental sciences. The FEM has also been successfully applied to a wide range of soil related problems with geotechnical, environmental or agricultural aspects. Examples include the analysis of water flow, chemical and heat transport in soils and aquifers (e.g. Bear and Verruijt, 1987; Radcliff and Simunek, 2010) , soil-implement interactions (e.g. Kushwaha et al., 1993; Abu-Hamdeh and Reeder, 2003) , slope stability and foundations (Griffiths and Lane, 1999; Zdravkovic and Carter, 2008; Danno and Kimura, 2009) , and soil compaction (see review by Dé fossez and Richard, 2002) . FEM has also been applied to small scale deformation processes, for instance, those associated with lateral root expansion (Richards and Greacen, 1986 ) and its effect on hydraulic conductivity . Today, a variety of commercial FE programs are available (multiphysics programs such as ABAQUS (Abaqus FEA, D S Simulia, Dassault Systems) and COMSOL (COMSOL Multiphysics, COMSOL AB) or codes designed for geotechnical purposes such as PLAXIS (Brinkgreve, 2002) ), as well as non-commercial FEM developed for soil compaction research (e.g. Richards, 1992; Gysi et al., 2000) .
Essential ingredients of the FEM
A comprehensive treatment of the FEM including its application for non-linear problems for plastic and viscoplastic behaviour is provided in Zienkiewicz and Taylor (1994a) . Here, only the basic steps and notations of the FEM will be outlined.
The first step in FE analysis is the discretization of the continuum into a finite number of elements (in 2D: triangles or quadrilaterals), which are connected via nodes building a FE mesh as a substitute for the continuum. Each element consists of a number of nodes. Nodes are assigned nodal parameter values (e.g. pressure, velocity, displacement, etc.). In deformation analysis most FE programs use a displacement formulation where the strain within an element is defined in terms of nodal displacements. Initial strains plus strains associated with the nodal displacements define the state of stress within an element and on its boundaries based on the constitutive properties of the material (Zienkiewicz and Taylor, 1994b) . The displacements u at any point within an element (e) can be approximated by a column vector û , which is obtained from prescribed functions of position N i and nodal displacements u i for a particular element: 18) where N is the matrix of interpolation functions (also referred to as shape function) and u e is the displacement vector of an element. With the nodal displacements determining the distortion of the element the spatial derivative of the displacement functions yields the strains at any point:
where B is the element strain matrix and e the strain vector of any point in an element. Assuming linear elastic material behaviour, the stresses are obtained from the strains and the corresponding elastic material properties:
where D is the elastic stress (material constitutive) matrix, e 0 is the initial strain and s 0 is the initial residual stress. Using the principle of virtual work, a nodal force-displacement relationship can finally be established (Zienkiewicz and Taylor, 1994b) :
where q e is the nodal force vector, K e is the elastic stiffness matrix, and f e represents forces due to body forces, initial strain, and initial stress, respectively. For a two-dimensional plane stress elastic problem the total strain e in Eq. (19) at any point within an element can be defined by three strain components e x = @u/@x, e y = @v/@y, and g = (@u/ @y + @v/@x) with u, v being the displacement components parallel to the x-and y-axis, respectively. Assuming an isotropic material and considering the constitutive stress-strain relation, the corresponding stress components are given by:
where E is the elastic modulus, n is the Poisson's ratio and G the shear modulus. Note that the elastic moduli E, G and K (bulk modulus) are related according to:
The material parameters (i.e. K, G and E) used in the material constitutive matrix D and the elastic stiffness matrix K, are often highly non-linear and hysteretic for soils, i.e. mechanical material properties are stress-state dependent. Therefore, it is not possible to provide general values for the above properties, but for unsaturated arable soil, E is typically of the order of 10 MPa, and a typical value for the Poisson's ratio of soil is n = 0.3. Using the modified ''hyperbolic'' formulae of Nelson (1970) , stress-dependent moduli have been formulated by Richards (1992) :
where s m is the previous maximum of the mean normal stress, h is the soil water suction, t is the shear stress and t f the yield stress (e.g. Mohr-Coulomb failure criterion). The other parameters k 0 . . . k 2 , g 0 . . . g 2 , n, m, p, r, and q are empirical material constants, which can be determined from mechanical soil test data .
Potential and limitations of modelling soil compaction with FEM
The FEM has been successfully applied to a range of soil and environmental problems. It does, however, require a greater effort to thoroughly characterize the mechanical material properties based on soil testing in order to derive parameters for the nonlinear stress-strain relationship encountered in soils. Traditionally, standard soil tests with static loading or constant displacement rates, such as direct shear tests, confined consolidation tests (oedometer) or triaxial tests, are employed to obtain shear (G) and bulk moduli (K) for FEM simulations. However, the stress paths followed in such ''static'' soil tests do not realistically represent the short-term dynamic loading situation in the field (Keller and Lamandé , 2010; Peth et al., 2010a) .
Among the primary limitations of FEM are numerical challenges to consider large strain rates, and limited representation of opening and closure of pores and cracks.
During dynamic soil loading pore water pressure evolution has a significant effect on the deformation process. A FE-model for simulating the interaction between hydraulic and mechanical processes in soils has been presented by Grä sle et al. (1995) , based on previous work of Richards (1992) . Despite an advanced understanding of the theoretical principles governing deformation behaviour of unsaturated soils (Fredlund and Rahardjo, 1993) and the availability of FEM for solving complex coupled processes, the major obstacle in using such models seems to be the lack of an adequate quantitative description of the relevant soil properties by means of suitable in situ and laboratory tests.
The FEM is based on a continuum approach, but for structured soils in particular, this assumption can be problematic, for example to simulate the effect of deformation on transport functions (see also Section 2.1.3). In structured soils numerous macro-scale discontinuities are present (cracks, large biopores, etc.), which are of paramount importance for gas and water movement. This has lead to a two-domain or dual-permeability approach in modelling water and solute transport by assuming multiple continua (e.g. Gerke, 2006) . However, the representation of the effective local (structural) geometry of the conducting pores, and the effects of soil structure dynamics on the pore space geometry and hence transport processes remains a challenge. Recent advances involve multiscale FE approaches (e.g. He and Ren, 2009 ) and non-invasive characterization of the pore network dynamics (cf. Section 4.1).
The discrete element method
The discrete element approach comprises a large class of numerical methods for the simulation of a collection of particles interacting through frictional contacts and collisions (Radjai and Dubois, 2011) . Different variants of these discrete element methods (DEM) have been developed for the simulation of granular packings and slow deformations (Radjai and Roux, 2002) , dense granular flows (da Cruz et al., 2005) , and granular gases (McNamara and Young, 1992) . Two major variants of DEM are Molecular Dynamics (MD), also simply called DEM following Cundall (Cundall and Strack, 1979) , and Contact Dynamics (CD) initiated by Moreau and Jean (Moreau, 1994; Jean, 1999) .
The discrete element approach is based on the integration of the equations of motion simultaneously for all particles, described as rigid elements, by considering the contact forces as well as the external forces acting on the particles (Radjai and Dubois, 2011) . Given the boundary conditions, the mechanical response of a collection of particles to external loading leads to relative particle motions constrained by steric exclusions in a dense state and/or by inelastic collisions in a loose or dilute state (Moreau, 1994) .
The main difference between MD and CD is in the numerical modelling of frictional contact. In MD the contact force is described as a function of a local strain defined from particle positions. These forces are regular functions (twice differentiable) of the relative positions d of particles and their time derivatives. Hence, the time discretization must be adapted to correctly describe force laws across the contact. In contrast to the MD method, where an explicit scheme is used to solve the equations of motion by introducing stiff repulsive potentials and viscous damping between particles, the CD method is based on an implicit scheme involving an iterative Gauss-Seidel algorithm yielding, simultaneously, the contact forces and particle displacements at the end of each time step. This iterative process is defined so that it satisfies the kinematic constraints related to mutual exclusions of particles and the Coulomb friction law. For this reason, the CD method is unconditionally stable and does not require elastic repulsive potential between particles. This allows for larger time steps than in MD, in particular in the limit of highly stiff particles or very low confining stresses.
A typical DEM computation loop proceeds in three steps:
(i) Determination of the list of nearest neighbours and contacts between particles from their current positions; (ii) Integration of the equations of motion of all particles over a single time step to calculate the contact forces and velocities; and (iii) Updating the particle positions.
Three levels of complexity may be discerned in DEM algorithms. The first (basic) level is based on a minimalistic description of the material with spherical grains interacting via frictional contacts. This elementary algorithm is already rich enough to reproduce emergent behaviours of granular materials under complex loading. The second level involves an enriched description of particle shapes and size distributions as well as their interactions via various adhesion forces. The third level deals with advanced processes and interactions such as particle fragmentation, hydrodynamic interactions in the presence of a fluid or particles embedded in a solid matrix. Coupled continuum-discrete algorithms are often required to treat such problems. For example, the methods relying on subparticle meshing of the particles, such as the Lattice Element Method (LEM), may be used to introduce particle fragmentation (Topin et al., 2007) . Another example concerns fluid-grain interactions in which the continuum mechanics of fluids must be combined with discrete mechanics. Different approaches have been proposed to compute the evolution of the fluid phase between particles, such as the Lattice Boltzmann method (Mansouri et al., 2009 ), or Direct Numerical Simulation (Wachs, 2009 .
During the last 30 years, many examples of experimental validation have established DEM as an efficient and effective methodology to address physical and engineering issues dealing with a wide variety of materials including soils, powder processes, gravitational flows and instabilities, etc. Many studies reported in the literature concern homogenous boundary conditions with the aim of investigating the grain-scale origins of effective properties such as shear strength, dilatancy, creep, etc., and the microstructure. Three-dimensional simulations of large systems of particles with realistic shapes and size distributions are still computationally intensive and require special optimizations to save simulation time; the scope of large-scale simulations for application to complex systems and processes is broad and promising.
Challenges in the application of DEM in soil compaction research include (see also Shmulevich, 2010) : (i) physical interpretation and determination of the constitutive micromechanical model parameters that represent the mechanical properties of soil, (ii) modelling of the real (span of) particle size and shape, and (iii) modelling of the process of breakage and formation of compound particles (fragments, aggregates).
Non-destructive measurement techniques for soil structure and deformation
Non-destructive (non-invasive) measuring techniques such as computed tomography offer an excellent means for characterization and quantification of soil structure from the aggregate to the soil core scale (e.g. Tuller et al., 2010) . Geophysical methods are also non-invasive, and allow for in situ measurements of larger scale structures at the field scale. The propagation of seismic waves, for example, is a function of the structure, the mechanical properties and the moisture status (distribution of solids, water and air) of the geomaterial. Knowledge of structural properties across scales will advance the characterization of heterogeneities in continuum-based approaches, and hence improve the predictability of soil compaction processes in complex porous media such as soils. Furthermore, the non-invasive techniques provide an insight into the dynamics of soil structure.
Computed tomography

Background
Computed tomography (CT) has been a tool in soil research since the pioneering work of Petrovic et al. (1982) . Analysing soil and glass bead samples with a medical scanner, they determined bulk density variation at a spatial resolution of 1.25 Â 1.25 Â 2 mm 3 , and highlighted the method as ''potentially promising tool for research in the areas of compaction, soil management, and cultivation''. One of the first papers studying soil compaction using CT was published by Vaz et al. (1989) , who detected thin compacted layers at the ploughing depth. Other work where soil compaction/deformation was investigated with CT (including g-ray and X-ray based systems) treated effects of compaction on earthworm burrowing (Langmaack et al., 1999; Jé gou et al., 2002) , different tillage management systems (Wiermann et al., 2000; Gantzer and Anderson, 2002; Pedrotti et al., 2005; Mikita et al., 2009; Kim et al., 2010) , trafficked sewage-sludgetreated soils (Pires et al., 2003) , puddling induced compaction in paddy-soils (Sander et al., 2008) , and soil structure regeneration after compaction by wetting and drying (Werner and Werner, 2001; Pires et al., 2005 Pires et al., , 2007 .
Over the last 10 years, high resolution tube and synchrotronbased microtomography systems have brought significant quality improvements in terms of acquisition time, resolution, and signal to noise ratios, allowing studies of local deformation processes at the mm to mm-scale. Examples are the investigation of compression around roots and earthworm burrows (Rogasik et al., 2003; Schrader et al., 2007) , and the effect of hydraulic and mechanical stresses on the dynamics of soil pore system (Schä ffer et al., 2008b; Peth et al., 2010b) . CT-images can be rendered into a 3D volume containing the spatial configuration of voids and solids, allowing quantitative morphological and topological characterization of the pore space (Vogel, 1997; Horgan, 1998; Delerue et al., 1999; Peth et al., 2008) .
X-ray computed tomography setups can be classified into three different types: (1) medical scanners (XCT or short CT), (2) industrial tube based microtomography systems (XCMT or mCT) and (3) synchrotron-based microtomography systems (SR-mCT). The physical principle underlying all systems is that an incident Xray beam with a given energy is absorbed by the material components of the radiated object (see e.g. Peth, 2011) .
Potential and limitations of CT and mCT in soil compaction research
The potential of X-ray CT and mCT in soil compaction research is that it is non-invasive, permitting the mapping of the spatial arrangement of soil constituents and pores without disturbing the sample structure. This is an important improvement over traditional methods, where structural properties of soils (e.g. pore size distribution) are measured indirectly from water retention functions or directly by thin section microscopy, which risk undesired modification of structural features during measurement (by hydraulic stresses) or sample preparation (dehydration using acetone and impregnation with resin).
Hydraulic stresses may cause significant soil deformation by inducing swelling and shrinkage through capillary forces. The nonrigidity of the pore space architecture results in unreliable estimates of e.g. water retention functions. This problem could be overcome by repeatedly scanning the same sample under different hydraulic stress states, and relating the morphology/ topology of a pore network to its transport functions at various moisture conditions in order to derive hydraulic properties/ functions as a function of soil matric potential. Similar approaches could be used for quantifying the impact of mechanical stresses on soil functions, and ultimately also for the coupling of mechanical and hydraulic stress to account for the influence of water on the mechanical behaviour of soil.
Systematic non-invasive studies of changes in pore space due to soil deformation by mechanical and hydraulic stresses could inspire/facilitate the development and validation of new approaches in soil compaction modelling (see also Section 5).
For example, CT or mCT image analysis techniques were used by Schä ffer et al. (2008a,b) to study the stability and deformation of artificially generated macropores under uniaxial compression, by Kremer et al. (2002) to investigate the deformation of macropores under varying load and soil moisture conditions, and by Berli et al. (2008) to develop and test an analytical model describing the evolution of aggregate contact sizes with compression as a key determinant of unsaturated water flow. Modern techniques such as digital image correlation have successfully been used in combination with mCT analysis to localize soil strain (Peth et al., 2010b) demonstrating the highly heterogeneous and complex deformation field in structured soils and the influence of water on the deformation process (Fig. 8) .
Despite the great potential of (m)CT as a non-invasive tool for investigating soil deformation processes, resolution is limited and does not cover the complete range of pore sizes encountered in soils. Modern CT-scanners are able to provide a voxel resolution of slightly better than 1:1000 of the sample diameter. Hence, the smaller the structure of interest the smaller the sample has to be, which conflicts with the scale-dependent spatial heterogeneity of soils. Covering the hierarchy of pore spaces from large inter-aggregate cracks and continuous biopores to small intra-aggregate micropores is not easily done and requires the extraction and analysis of subsamples. Another challenge is the extrapolation of pore scale effects of soil deformation and related changes in soil functions measured on soil cores to the soil management level (pedon and field scale).
Scanning electron microscopy
The first commercial scanning electron microscope (SEM) was constructed by Cambridge Scientific Instruments in 1965, based on the concept of Vladimir Zworykin (Zworykin and Ramberg, 1941; Zworykin et al., 1942) . Today there are several types of instruments that work according to this principle. A detailed description of SEM, microanalysis and their application is given in Goldstein (2003) .
SEM is a method commonly used in material science, medical research, and geosciences including applied clay science and soil micromorphology. SEMs deliver important data about particle properties, i.e. structure, shape and surface properties, and allow a visual identification of physicochemical compounds such as (clay) minerals, (hydr)oxides, organic matter, and fungal hyphae Markgraf et al., 2012) .
In soil science, SEM analysis is performed on (oven-dried) samples such as micro aggregates (<250 mm) or isolated features (e.g. oxides or clay minerals). SEM analyses require good conductivity, which is achieved by gold-palladium coating (sputtering) of the sample under high vacuum conditions. SEM micrographs are obtained at 15 KeV at a working distance of 15 mm. Monochrome photographs are taken with a reflex camera, which is integrated in a SEM work station as an external unit. The latest generation of SEM chambers support fast and easy 3D stereo imaging via PC-controlled beam deflection with optional 3D surface modelling and analysis. Furthermore, they provide a choice of different chambers and stages with a high resolution analytical geometry for Energy Dispersive X-ray (EDX) analysis. If no high vacuum conditions are applicable, environmental scanning electron microscopy (ESEM) is a suitable method. SEM is convenient for use with a combination with other mineralogical methods, e.g. X-ray diffractometry (XRD), atomic force spectroscopy (AFS), micromechanical techniques (rheometry), and non-invasive 3D visualizing techniques such as mCT (previous section), and such combinations are powerful tools for interpreting micro-scale attributes.
Seismic methods
The application of seismic waves is the most direct way to approach soil compaction from a ''remote sensing'' point of view. Unlike invasive methods (e.g. cone penetration tests) that reveal discrete information, seismic wave analysis yields integral values of mechanical properties representing volumes of metre scale in diameter and decimetre scale in vertical resolution.
There are basically four types of seismic waves that can be applied to analyse soils in situ (see e.g. Sheriff and Geldart, 1995; Rabbel, 2010) : two body waves that can travel through the earth in any direction, and two surface waves that travel along the earth's surface. The latter have a very limited penetration depth, which is dependent on the wavelength. The body waves are compression waves (P-waves) and shear waves (S-waves). The propagation velocities of P-and S-waves are:
and
where K is the bulk modulus, G is the shear modulus and r is the density of soil. The velocities depend mainly on K and G, because r is less variable than K and G in soils. The two surface wave types are Rayleigh and Love waves. Rayleigh waves show an elliptical particle movement in the vertical plane, whereas Love waves show a shear movement in the horizontal plane. Unfortunately, no closed-form expressions exist for the propagation velocities v R and v L of these waves. The penetration depth and v R and v L depend on the signal frequency, strongly on K and only weakly on r. In addition, v R depends weakly on K.
A fundamental problem exists in the different time scales and stress magnitudes applied in seismic and geomechanical measurements. No general framework exists that describes the soil stressstrain relationship for different time and stress scales including all non-linear, visco-elastic and plastic aspects. However, empirical data from long term and seismic measurements in engineering geology and reservoir research have shown that correlations exist between static and dynamic elastic constants (Schö n, 1996; Hagin and Zoback, 2004) . In particular, it has been shown that the shear wave velocity (or the shear modulus) correlates with the cone penetration resistance and shear strength of sediments (Suyama et al., 1983; Ayres and Theilen, 1999) . We see this as an indication that investigating soils by comparing seismic and soil mechanic properties would have good chances of success, as further discussed in Section 5. For near surface seismic investigations it is common practice to artificially generate seismic waves by hitting the ground at some source points with a hammer or by shaking the ground in a cyclic way with a so-called vibroseis source (e.g. Rabbel, 2010) . The radiated seismic signals are recorded along a line of sensors (''geophones'') that are attached firmly to the ground with steel spikes. For the investigation of soils these geophone lines need to be some meters long with sensor spacing in the order of 0.1-0.2 m. This measurement configuration is simply a downscaled version of that used for deeper targets, which is adequate for test measurements, but not suitable for the investigation of large agricultural areas. For this purpose, mobile equipment would have to be developed, which is an engineering issue. A comparison of interpretation techniques has shown that a sufficient depth resolution of seismic soil structure is difficult to achieve with body waves because a sensor spacing below 0.1 m is required near the source points, which is difficult to realise (e.g. Rabbel, 2010) . This problem is not acute in surface wave analysis, giving them a clear preference for seismic measurements in soil science.
Synthesis: potentials and challenges
The objective of this section is to present and discuss approaches that could potentially lead to improved understanding of soil deformation processes. In the previous sections, we have identified two key issues that distinguish agricultural soil mechanics from geomechanics and that have a huge impact on soil mechanical behaviour: soil structure and loading rate. These issues deserve further attention in agricultural soil compaction research and are therefore discussed in this chapter. Modelling mechanical soil behaviour needs to account for anisotropy and scaleand time-dependency of soil physical properties. Here, we attempt to approach soil mechanical behaviour from different angles, and believe that the combination of (different) modelling (approaches) and non-invasive measurements as presented in the previous chapters has potential in advancing the understanding of soil deformation processes.
Scale-dependent soil structural organization and how it influences soil strength, stress transmission and soil deformation
Arable soil can possess various physical configurations as illustrated in Fig. 3 . Soil structure is dynamic (and hence the soil physical and mechanical properties are dynamic too) and may evolve from a material that resembles a granular material (e.g. soil structure that results from tillage) to a quasi-continuum due to overburden, external stresses and capillary forces (Fig. 3) . Soil structure dynamics is greatly impacted by natural processes such as wetting-drying and freeze-thaw cycles, and biological activity (root proliferation, soil fauna bioturbation) (e.g. Dexter, 1991) . The different stages (Fig. 3 ) may be approached with different theoretical frameworks; for example, soil in condition directly after tillage may be best characterized as a granular matter, while soil in condition after compression or after intense aggregate coalescence may be best described as a continuum material. Furthermore, the question of whether a soil is a discrete or a continuum medium may be a question of scale, as illustrated in Fig. 9 .
Models to describe the deformation of aggregates (as illustrated in Fig. 3) were developed by Or (2000, 2001) as mentioned in Section 2.1.3. These models take into account strain rate dependent soil properties and the rate of energy dissipation due to deformation and consider the geometry of aggregates, and can therefore describe the dynamics of the soil pore space and hence the evolution of gas and water transport properties (Eggers et al., 2006) , i.e. link deformation and pore size distribution (e.g. Leij et al., 2002) . Future developments of these approaches could include the representation of more complex pore/aggregate geometries and aggregate arrangements, and treatment of large strains up to total pore closure .
Modelling of the transition of subsets of micro-continua to create another continuum region with distinct properties is a nonroutine exercise in continuum mechanics. The poro-geomechanics processes that will lead to the creation of a soil continuum from a collection of soil aggregates is quite complex since the mechanics can involve very large irreversible strains with reversible, irreversible and time-dependent material phenomena and moving boundary type interfaces (Selvadurai and Ghiabi, 2008; Selvadurai, 2011) . In order to describe the transition from one stage to the next, or to characterize soil at an intermediate stage (Fig. 3) , we suggest applying a combination of different approaches. DEM and FEM could be combined to explore the mechanical behaviour of agricultural soils. For example, structured agricultural soils could be represented by a collection of macroscopic particles (aggregates) characterized by their size, shape, strength and relative friction and cohesion, i.e. as granular systems, while each macroscopic particle could be considered as an idealized continuous region (Peron et al., 2009 ). The combination of DEM and FEM approaches can be done in two ways: (a) through a real combination, where the macrostructure is represented by a packing of distinct elements and the mechanical behaviour of these distinct elements is described by FEM, or (b) indirectly by using the results of a DEM analysis at the micro scale, to parameterize a FEM at the macro scale. It would be utopia to reproduce all processes occurring in soils during deformation, even with a complex combination of various theoretical approaches. However, the combined modelling could help identifying the main drivers that influence the mechanical behaviour of a soil.
Regardless of the approach, all models must be validated by experiments under well-controlled conditions. Because the process of deformation of structured, unsaturated soil is complex, simple experiments and simplified geometries are often required. Experiments could range from an arrangement of glass beads to beds of soil aggregates. Such experiments are not only needed for the purpose of validation of numerical models, but they also provide insights on soil deformation at the aggregate scale, and may form the basis for development of analytical solutions. Beside the intrinsic value of analytical solutions, analytical solutions are used for validation of numerical models, and to identify limits (e.g. analytical solutions for elastic material) of numerical solutions.
Research efforts will continue to move towards better quantification of soil structure, which can support the development of a structure-based soil mechanics framework. Advances in non-destructive imaging combined with finite and discrete element modelling will foster these developments (Sections 3 and 4), improving our understanding of small scale compaction effects, e.g. on root growth (e.g. Kirby and Bengough, 2002) and, in turn the effect of root growth on rhizosphere compaction Berli et al., 2011) .
Describing and quantifying dynamic soil stress-strain behaviour will remain an important issue. It has been noted by several researchers that the macroscopic (e.g. at the size of a core sample, i.e. at the dm scale) stress-strain behaviour of agricultural soil is poorly described and understood (see e.g. Keller et al., 2011) . This could be due to the hierarchical nature of soil structure, which is expressed in the scale-dependency of soil mechanical properties (Dexter, 1988) as illustrated in Fig. 9 . Consequently, soil mechanical behaviour at a certain hierarchical level cannot be understood without knowledge of the mechanical behaviour of the adjacent lower hierarchical order. Therefore, experiments and modelling at scales smaller than the macroscopic scale are needed in order to understand the soil mechanical behaviour at the macroscopic scale (e.g. soil core or pedon scale). Discrete element methods can integrate such scale-dependent information and may therefore offer potential new approaches to soil compaction modelling.
Mechanical deformation as a time (rate)-dependent process
No comprehensive mechanical theory for agricultural and forest soils is currently available (see Section 2.1). One reason is the different time scales for agricultural/forestry types of loading compared to many civil engineering types of loading. In classical geomechanics the applied load is typically static and last for a long time (although we note that dynamic loading processes occur in geomechanical applications, such as impacts on railway tracks and roads, or earthquakes). In agricultural and forest soil mechanics, however, loads are highly dynamic, lasting from a fraction of a second (soil-tool interaction during soil tillage, loading at the soil surface by a tyre) to a few minutes (particularly in forestry, see e.g. Horn et al., 2004) . Furthermore, loads can change significantly during operations (e.g. Horn et al., 2004) .
As shown by Ghezzehei and Or (2001) soil deformation at equal load magnitude but different load duration is very different: the shorter the loading rate, the larger the elastic component and the smaller the viscous (permanent) component of the total strain. Dynamic aspects of soil deformation using concepts of rheology (e.g. Vyalov, 1986) have been considered by Or and co-workers (see references given in Section 2.1.3). Concurrently, efforts have been made to more realistically simulate loading by agricultural tyres by means of ''classical'' soil mechanics tests on undisturbed samples, by using shorter loading times (e.g. Keller et al., 2004) or by applying cyclic loading (e.g. Peth et al., 2010a) . Although loading rates of these tests were much higher (and conversely, loading times much shorter) than in geomechanical applications, they were still considerably lower than in situ loading rates exerted by agricultural tyres (e.g. Keller and Lamandé , 2010) . Furthermore, stress is applied in a pre-defined direction in soil mechanics laboratory tests (e.g. vertical stress application in oedometer tests), while the directions of the principal stresses are not constant during loading by a tyre.
Seismic methods (Sections 2.3 and 4.3) are fast and nondestructive. Therefore, they are potentially useful for studying dynamic soil deformation in situ, and could be combined with measurements/soil mechanical tests as outlined above. A starting point and promising approach will be to combine rheometric measurements and seismic analyses, which can be performed in overlapping stress and frequency domains. However, beyond empirical, the parallel development of a comprehensive theoretical basis will be essential, too. The potential use of seismic methods in soil compaction research is further addressed in Section 5.4.
We propose that research efforts to combine soil rheology and ''classical'' soil mechanics should be undertaken, towards a (theoretical) soil mechanical framework that includes all nonlinear, visco-elastic and plastic aspects and that could be applied to tie together the soil properties observed at different time and stress scales.
Visualization of soil structure and soil deformation
Modelling is useful to better understand the mechanical behaviour of soils, but model simulations have to be validated by (simple) experiments. During such experiments, soil structure and soil deformation before (initial state), during (e.g. at various stress application/loading steps) and after compression (final state) can today be visualized with the help of non-destructive measuring techniques (see Section 4). Recent technological advances in nondestructive measurement techniques offer new insight into soil architecture. Three-dimensional images could be used in studies on the mechanical behaviour of a soil to characterize particle arrangements and initial conditions for theoretical considerations on beds of spheres/aggregates (e.g. Or, 2000, 2001; Eggers et al., 2006 Eggers et al., , 2007 Berli et al., 2008) ; to obtain the deformation field or to identify how pores close during compaction (Peth et al., 2010b) . The study by Peth et al. (2010b) revealed the generation of new structural macropores by capillary contraction as well as a simultaneous closure of cracks by plastic flow and initiation of shear fractures upon mechanical loading, underlining the dynamics of pore spaces upon changes in stress states. Since strain derived from digital image correlation can be localized within a sample domain (Fig. 8) , such data could potentially be implemented in 3D finite element models to estimate local mechanical material properties. In addition, finite element meshes could be generated based on mCT data in order to simulate the influence of soil structure on stress distribution and hence the deformation process using realistic, ''measured'' architectures. On the other hand, structural changes simulated by mechanical models could be compared to actual deformation measured by mCT at the same boundary conditions, in turn providing validation data for models. As described in Sections 4.1 and 4.2, visualization of the soil architecture at the micro and aggregate scale is possible by means of X-ray (micro)tomography (CT and mCT) and scanning electron microscopy (SEM). The different techniques apply to different scales: SEM at smallest scale (mm scale), and CT at slightly larger scale (mm-mm). However, SEM does not allow for repeated measurements (e.g. same sample before, during and after compaction), due to sample preparation (Section 4.2). On the other hand, it does allow for the distinction between soil constituents (clay minerals, fungal hyphae, micro roots, fibres, etc.) and therefore the assessment of micromechanical properties (Markgraf, 2011) .
Linking seismic measurements to soil mechanical properties
Potentially, seismic techniques allow non-destructive measurements at the pedon scale (cm, m) and in situ, in contrast to laboratory methods such as CT and SEM that work on soil core and aggregate (mm, cm) samples collected in the field.
There are a number of questions to be looked at in more detail if the seismic method is to be adapted for investigating soil structure and compaction:
Which elastic soil parameters can be deduced from seismic measurements and which of them can be used to characterize soil mechanical properties and compaction in particular? Seismic waves are transient phenomena lasting only small fractions of a second and deforming the subsurface by ''infinite'' small elastic strains at frequencies of typically 10-100 Hz. How can the resulting elastic soil constants, or corresponding wave velocities, be related to the classical soil mechanical properties resulting from measurements (soil mechanics tests such as uniaxial compression tests, shear tests or triaxial tests) where rather static and large ''finite'' strains are applied? Considering that the existing seismic methods have been designed to investigate deeper and thicker geological layers than soil, how can we achieve an adequately high horizontal and depth resolution with seismics? And can we develop seismic instruments capable of mapping larger agricultural areas in an economical way?
Indeed, there are only vague answers to most of these questions because the corresponding research is only in its infancy. However, the questions provide an orientation in which the research should be directed.
Because the propagation of seismic waves is related to very small strains, seismic wave velocity is related to the elastic material properties, i.e. elastic moduli. Attenuation of seismic waves is related to the viscous material properties. Therefore, at very low frequencies, analogies can be made between the attenuation of shear wave velocity obtained from seismic measurements and the visco-elastic shear modulus measured with a rheometer (Rabbel et al., unpublished) .
Seismic measurements could be combined with visualization techniques on soil samples in the laboratory (e.g. CT, see previous Section or Section 4) during classical soil mechanical measurements (e.g. uniaxial compression). Seismic measurements could yield elastic and viscous properties of the material, the elasto-plastic properties would be obtained from the soil mechanical tests, while the CT-images could reveal information on the soil structure and the location of deformation (see previous Section). However, the relationships between the visco-elastic properties and seismic wave propagation need to be established first.
The largest contribution of seismic methods in soil compaction research may be seen in the possibility to conduct in situ investigations. Because seismic measurements are non-destructive and fast, they could reveal insight into the dynamic soil response to wheel loading. An example is presented in Fig. 10 , which shows the seismic wave velocity at various depths below a wheel rut before, during and after loading with a tyre (Carizzoni et al., unpublished data) . A highly dynamic behaviour is observed, Fig. 10 . Velocity of seismic waves across a wheel rut at various depths before, during and after loading with an agricultural tyres (load: 58 kN; tyre: 800/65R32) on a clay loam soil (Carizzoni et al., unpublished data) . The seismic method is described in Carizzoni (2007) . and the effects of repeated loading are visible. Such information would be difficult to obtain with traditional soil mechanical methods.
The use of seismic waves to obtain the plastic properties of an agricultural soil might be very challenging because a very high frequency source has to be used, and its reflection might be difficult to detect. However, qualitative agreements between seismic velocity of surface waves and soil strength parameters, e.g. penetration resistance (Ayres and Theilen, 1999) , are promising.
A useful application of seismic methods in soil compaction research is in the characterization of the mechanical properties of a soil at the field scale. In our attempts to reduce the risk of soil compaction by agricultural field traffic, it is important to consider not only a soil sample (decimetres) or a soil pedon (metres), but a whole field (hectares). However, most research on prevention of soil compaction with some mechanical basis does not go beyond the size of a soil profile. This is because usually only the wheel rut is considered. Seismic methods could provide the basis for assessing vulnerability of soil compaction at the field scale and for recommending site-specific management with regard to soil compaction.
Conclusions
Several disciplines deal with stress transmission and deformation processes in porous media, but the theoretical frameworks and modelling approaches may differ. The description of soil deformation processes in arable soil typically relies on theories from conventional soil mechanics (e.g. foundation engineering), despite significant differences between agricultural and geotechnical applications that have important consequences for the mechanical behaviour of soil. The most important are that stresses applied by agricultural tyres/tracks and implements are dynamic and the loading time is short, and that arable soils are typically unsaturated and structured. Moreover, soil structure is scaledependent and dynamic, and a soil may evolve from a material that resembles a granular material (e.g. a seedbed) to a material that is best described as a continuum due to overburden, external stresses, and capillary forces.
Therefore, we believe that approaches from granular materials science (e.g. distinct element modelling), in combination with classical continuum mechanics (e.g. finite element modelling), could advance our understanding of the mechanical behaviour of arable soil.
Recent technological advances in non-destructive measurement techniques such as X-ray computed tomography offer new insight into soil architecture and allow for visualization of soil deformation, which could be used for the development and validation of new approaches in soil compaction modelling. Seismic methods could be used to better understand the dynamics of soil mechanical processes, especially in in situ investigations. Non-invasive measurement techniques in combination with numerical modelling could be a powerful tool for characterizing the stress-strain relationships of soils. Soil structure can be described as a hierarchy, where compound particles (clods, aggregates, micro-aggregates, etc.) of a certain hierarchical order are a complex of compound particles from the next lower order. One consequence of this concept is that soil mechanical properties are scale-dependent. We suggest that the mechanical behaviour of a soil at one specific hierarchical level cannot be fully understood without knowledge of the mechanical behaviour of the next lower hierarchical order. The non-invasive measuring techniques reviewed in this paper cover various scales, from the micro scale (scanning electron micoscropy, mCT) to the meso scale (CT) to the macro scale (CT, seismic methods). Similarly, theories and modelling approaches discussed in this paper could be associated with different scales: micro scale (rheology), aggregate to macro scale (granular approach), and macro to pedon scale (continuum mechanics). Therefore, the combination of these techniques and theoretical frameworks is a promising way towards a better understanding of the mechanical behaviour of arable soil.
